We have studied the effects of bupivacaine on human and bovine articular chondrocytes in vitro. Time-lapse confocal microscopy of human articular chondrocytes showed > 95% cellular death after exposure to 0.5% bupivacaine for 30 minutes. Human and bovine chondrocytes exposed to 0.25% bupivacaine had a time-dependent reduction in viability, with longer exposure times resulting in higher cytotoxicity. Cellular death continued even after removal of 0.25% bupivacaine. After exposure to 0.25% bupivacaine for 15 minutes, flow cytometry showed bovine chondrocyte viability to be 41% of saline control after seven days. After exposure to 0.125% bupivacaine for up to 60 minutes, the viability of both bovine and human chondrocytes was similar to that of control groups.
We have studied the effects of bupivacaine on human and bovine articular chondrocytes in vitro. Time-lapse confocal microscopy of human articular chondrocytes showed > 95% cellular death after exposure to 0.5% bupivacaine for 30 minutes. Human and bovine chondrocytes exposed to 0.25% bupivacaine had a time-dependent reduction in viability, with longer exposure times resulting in higher cytotoxicity. Cellular death continued even after removal of 0.25% bupivacaine. After exposure to 0.25% bupivacaine for 15 minutes, flow cytometry showed bovine chondrocyte viability to be 41% of saline control after seven days. After exposure to 0.125% bupivacaine for up to 60 minutes, the viability of both bovine and human chondrocytes was similar to that of control groups.
These data show that prolonged exposure 0.5% and 0.25% bupivacaine solutions are potentially chondrotoxic.
Chondrolysis is a devastating condition in which widespread chondrocyte death over a relatively short period of time leads to loss of cartilage and rapidly progressive joint degeneration. 1 The condition has been reported in the hip, knee, ankle and shoulder. In the hip and knee, it has been traced to exposure of the articular cartilage to toxic substances such as methylmethacrylate and chlorhexidine. 2, 3 Glenohumeral chondrolysis has been observed in young athletic individuals, typically after treatment of instability of the shoulder. [4] [5] [6] While the use of thermal probes has been implicated in glenohumeral chondrolysis, 4 instruments generating high temperature were not used in all cases. 5, 6 Recent clinical series and reports have suggested that there is an association between continuous intra-articular infusion of bupivacaine solutions and fullthickness loss of cartilage in teenagers and young adults. [5] [6] [7] These reports have raised concerns that bupivacaine may have adverse effects on the viability of chondrocytes.
We have shown that the use of 0.5% bupivacaine has a direct cytotoxic effect on bovine articular chondrocytes within both alginatebead cultures and intact articular cartilage in vitro. 8 Although recent clinical reports have suggested a possible association between prolonged continuous intra-articular infusion of bupivacaine and chondrolysis, intra-articular bupivacaine has been used clinically in the form of single injections without apparent illeffects on articular cartilage. These observations raise the question as to whether bupivacaine is toxic to human chondrocytes. This in vitro study was carried out to test the hypotheses that the toxicity of bupivacaine on articular chondrocytes is dose-and timedependent, and that bupivacaine has dose-and time-dependent cytotoxic effects on human articular chondrocytes.
Materials and Methods
Fresh human articular cartilage was obtained from tissue donors and macroscopically-healthy areas of osteoarthritic knees of patients undergoing knee replacement according to protocols approved by the Institutional Review Board. Fresh bovine articular cartilage was harvested from the knees of animals within four hours of their slaughter. Fluorescent staining and confocal microscopy 9 of human and fresh bovine osteochondral cores were used to study the viability of chondrocytes at 30 minutes after exposure to 0.5%, 0.25%, and 0.125% bupivacaine solutions. Normal (0.9%) saline served as a control because it is the primary component of the bupivacaine solutions which were used. These solutions were preservative-free, commerciallyavailable products (Abbot Laboratories, Abbot Park, Illinois or Hospira, Lake Forest, Illinois), with the exception of the 0.125% solution, which was made by mixing equal amounts of normal saline and commercially-available 0.25% bupivacaine.
Three-dimensional alginate-bead cultures. The articular chondrocytes were isolated and re-suspended in threedimensional alginate-bead cultures. They were cultured in the alginate beads for seven days, in order to maintain their differentiated phenotype and to allow time for the matrix to form before exposure to bupivacaine. 10, 11 The fresh human and bovine articular cartilage was harvested as full-thickness slices and minced. Articular chondrocytes were isolated from the cartilage by a two-step enzymic digestion using pronase (EMD Chemicals Inc, San Diego, California) and collagenase P (Roche Applied Sciences, Indianapolis, Indiana). Viability was ascertained by Trypan Blue exclusion. The chondrocytes were then encapsulated in alginate beads at a density of 4 x 10 6 cells per ml. The beads were incubated at 37ºC in 5% CO 2 in chondrocyte growth medium consisting of Dulbecco's Modified Eagle medium/F12 (1:1) (Invitrogen Corporation, Carlsbad, California), supplemented with 10% fetal bovine serum (Invitrogen Corporation) and 1 % penicillin/streptomycin (Invitrogen Corporation) for one week before exposure to bupivacaine. Flow cytometry. After one week of culture, the alginate beads were segregated into treatment groups of ten beads each. The experimental groups were immersed in 1 ml of 0.5%, 0.25%, and 0.125% bupivacaine hydrochloride. Control groups were placed in 1 ml of sterile 0.9% saline. The beads were immersed for 15, 30 or 60 minutes and were then washed three times and incubated in chondrocyte growth media. Cell viability was assessed at three time points (one hour, 24 hours and one week) after exposure to bupivacaine. More than 3000 bovine chondrocyte alginatebead cultures were used in 72 experiments.
At the designated times, the bovine and human beads from each treatment group were removed for labelling using a Vybrant Apoptosis Assay Kit #3 (Molecular Probes Inc., Eugene, Oregon). They were incubated in 1 ml of cold 55 mM sodium citrate (4ºC) to dissolve the alginate and release the chondrocytes, which were collected by centrifugation. In order to stain apoptotic cells and the nuclei of dead cells, without labelling live cells, 5 ml of Alexa Flour 488 Annexin V (Molecular Probes Inc.) which stains apoptotic cells, and 1 ml of propidium iodide (Molecular Probes Inc.), which stains nuclei of dead cells, were added to 100 ml of each suspension. The samples were analysed by flow cytometry. Time-lapse chondrocyte imaging. Live cell-imaging methods 12 were adapted for the observation of the viability of the chondrocytes during exposure to bupivacaine. Bovine and human articular chondrocytes within threedimensional alginate-bead cultures were labelled with 5 mM 5-chloromethylfluorescein diacetate (CMFDA; Molecular Probes Inc.) and 1.5 mM propidium iodide for 30 minutes and then rinsed in CO 2 Independent Media (Invitrogen Corporation) for 30 minutes. The labelled beads were submerged in 0.9% saline (controls), 0.125%, 0.25% or 0.5% bupivacaine and placed in a temperaturecontrolled live cell-imaging stage (Bioptechs, Butler, Pennsylvania) maintained at 37ºC. Using automated time-lapse confocal microscopy (Olympus IX81 DSU, Olympus America Inc., Center Valley, Pennsylvania) red and green fluorescent channel image sets were acquired at one-minute intervals. The percentage of dead cells was calculated for each image set using Image-Pro Plus software (Media Cybernetics Inc., Bethesda, Maryland) and plotted against time. Overall, 28 experiments, 12 with bovine and 16 with human alginate-bead cultures, were performed. Evaluation of articular cartilage treated with bupivacaine. A coring device 8 mm in diameter (DePuy Mitek, Inc., Raynham, Massachusetts) was used to harvest osteochondral cores from the trochlear groove of five bovine and three human knees. Overall, 24 bovine osteochondral cores were harvested and assigned to eight groups of three cores each. In four groups, the cores were left intact, while in the other four the most superficial 1 mm of cartilage was removed from the core with a sharp scalpel. All eight groups were then submerged in 0.9% saline, 0.125%, 0.25% or 0.5% bupivacaine solutions for 30 minutes, and were subsequently washed and returned to the chondrocyte growth media for 24 hours. Preliminary evaluations conducted before any treatment revealed the presence of dead cells interspersed with live cells through the full thickness of the articular cartilage in all human tissues. For this reason, the protocol for human tissue was simplified to compare exposure to 0.5% bupivacaine and normal saline only. A total of ten human osteochondral cores were randomly assigned to exposure of either 0.5% bupivacaine or 0.9% saline for 30 minutes each.
Live and dead cells were assessed using confocal microscopy. Specimens were prepared by cutting orthogonal sections approximately 0.5 mm thick and staining them with 5 mM 5-CMFDA and 1.5 mM propidium iodide. Stained sections were washed with phosphate-buffered saline and imaged by fluorescent and confocal microscopy. Using a 10× objective, confocal stacks were obtained from three separate areas of each section, located from 250 μm to 500 μm from the chondral surface. The dimensions of each stack were 250 μm × 250 μm × 25 μm. Image analysis software (Image-Pro Plus, Media Cybernetics) was used to count the red (dead) and green (live) cells in each image series. Statistical analysis. Data are reported as the mean (SEM). For comparisons between saline and bupivacaine treatments, data were analysed by analysis of variance followed by the Bonferroni t-test. Significance was set at a p-value ≤ 0.05.
Results
Alginate-bead cultures and flow cytometry. Analysis of data from 72 experiments using more than 3000 bovine chondrocyte alginate beads showed a dose-and time-dependent chondrotoxicity to bupivacaine solutions (Figs 1 to 3) . The viability of bovine chondrocytes after exposure to 0.125% bupivacaine was similar to that of the normal saline group (Fig. 1) for 15 , 30 or 60 minutes (p > 0.05). Exposure to 0.25% bupivacaine for 15 (52% (SEM 7) (p > 0.05)), 30 (42% (SEM 9) (p = 0.04)) and 60 minutes (36% (SEM 11) (p = 0.02)) resulted in a decreased chondrocyte viability compared with exposure to saline. After exposure to 0.5% bupivacaine, almost complete chondrocyte death/apoptosis was observed at all three time points. This finding is consistent with the results of our previous study. 8 Bovine cultures exposed to 0.25% bupivacaine showed higher viability than that of cultures exposed to 0.5% bupivacaine at all time points (p < 0.001), but had a timedependent decrease in viability. This decrease after exposure to 0.25% bupivacaine was observed both as a function of the time of exposure (15, 30 or 60 minutes) and of time after exposure to bupivacaine (one hour, 24 hours, or one week; Fig. 2 ). When recovered one hour after exposure to 0.25% bupivacaine for 15 minutes, viability was 79% (SEM 11) of that of the saline control, but this was not significant (p > 0.05). With increasing time after bupivacaine exposure, a sustained cytotoxic effect was observed, with viability declining to 52% (SEM 4) (p = 0.047) and 41% (SEM 7) (p = 0.004) at 24 hours and one week, respectively. For longer exposure times (30 and 60 minutes) to 0.25% bupivacaine, chondrotoxicity was detected by one hour after bupivacaine exposure, with chondrocyte viabilities respectively declining to 42% (SEM 9) (p = 0.038) and 36% (SEM 11) (p = 0.024), respectively, compared with that of exposure to saline. At one week after exposure of 30 and 60 minutes to 0.25% bupivacaine, the viability declined to 31% (SEM 8) (p < 0.001) and 25% (SEM 9) (p < 0.001) of the controls, respectively (Fig. 2) .
Analysis of necrotic and apoptotic cells at one hour, 24 hours, and one week after exposure to 0.25% bupivacaine showed a progressive dose-dependent increase in favour of the apoptotic cells. The fraction of apoptotic chondrocytes after exposure for 15 minutes to 0.25% bupi- vacaine, increased from 19% (SEM 5) of non-viable cells, when examined one hour after exposure, to 29% (SEM 6) of non-viable cells at 24 hours, and to 48% (SEM 8) at one week after exposure to bupivacaine (Fig. 3) . Confocal microscopy. In 20 bovine osteochondral specimens confocal microscopy showed a dose-dependent chondrotoxicity of bupivacaine (Fig. 4) . As described in our previous report, 8 exposure to 0.5% bupivacaine for 30 minutes resulted in increased rates of chondrocyte death in intact bovine articular cartilage (Fig. 4d) compared with saline. Cellular death rates were even more pronounced in those specimens which had the top 1 mm of cartilage removed (Fig. 4h) .
Analysis of the articular cartilage at one day after exposure for 30 minutes to 0.25% bupivacaine similarly showed a protective effect of the intact articular surface. In bovine tissues with intact articular surfaces, exposure to 0.25% bupivacaine for 30 minutes (Fig 4c) left 57% (SEM 7) of cells still viable compared with 76% (SEM 5) in the control group (Fig 4a) . This difference was not statistically significant (p > 0.05). In bovine tissue explants with the top 1 mm of the articular cartilage removed, increased cell death was observed (Fig. 4g) , with the rate of chondrocyte viability declining to 33% (SEM 4) (p = 0.01) compared with the control group (Fig. 4e) . At one day after exposure to 0.125% bupivacaine, viability rates of bovine cartilage with and without intact articular surfaces were 85% (SEM 4) and 84% (SEM 3), respectively (Figs 4b and 4f) , showing no signficant difference compared with the control group (p > 0.05) (Figs 4a and 4e) .
As with the bovine cells, the results of exposure of intact human articular cartilage to 0.5% bupivacaine showed an increased chondrocyte death rate compared with that of exposure to saline. Analysis of the data from ten human osteochondral specimens showed predominantly dead cells whereas most cells in saline-exposed cores were viable (Fig  5a) . After exposure to 0.5% bupivacaine for 30 minutes, increased cellular necrosis was observed in the top 0.25 μm to 0.5 μm of human articular cartilage (Fig. 5b) . Quantitative analysis of confocal reconstructions obtained at 100 μm below the articular surface showed a 1.7 (SEM 0.09)-fold increase in dead chondrocytes compared with saline-exposed human articular cartilage (p < 0.001). Time-lapse chondrocyte imaging. For both human and bovine alginate-bead cultures, the data from 28 experiments (12 with bovine and 16 with human tissue) showed a dose-dependent chondrotoxicity after continuous exposure to 0.5% and 0.25% bupivacaine solutions. No differences in the rates of chondrocyte death were seen for either bovine or human chondrocytes in alginate-bead cultures after one hour of exposure to 0.125% bupivacaine.
Exposure of bovine alginate-bead cultures to 0.5% bupivacaine solutions resulted in 90% (SEM 6) cell viability after 15 minutes, 56% (SEM 13) after 30 minutes, and no living chondrocytes after 60 minutes (Fig. 6a) . By contrast, the The effects on fluorescent micrographs one hour after exposure of bovine articular cartilage to saline (a, e), 0.125% bupivacaine (b, f), 0.25% bupivacaine (c, g) and 0.5% bupivacaine (d, h) for 30 minutes. Cartilage with intact surfaces (a to d) shows increased chondrocyte surface death after exposure to 0.5% bupivacaine only whereas that with the superficial 1 mm removed (e to h) shows increased surface chondrocyte death with exposure to both 0.25% and 0.5% bupivacaine. No difference in the viability of chondrocytes was seen after exposure to 0.125% bupivacaine (fluorescent nuclei stained red; viable chondrocytes stained green, calibration bar 250 μm). rates of living bovine chondrocytes after exposure to 0.25% bupivacaine were 97% (SEM 1), 90% (SEM 4), and 54% (SEM 12) after 15, 30 and 60 minutes, respectively (p < 0.01) (Fig. 6a) . For bovine alginate-bead cultures immersed in saline, 97% (SEM 1) of cells survived the 60-minute experiments. A separate 60-minute experiment comparing exposure of bovine chondrocytes to saline and to 0.125% bupivacaine showed no difference in viability (p > 0.05). Time-lapse imaging of human chondrocytes (Fig. 6b ) within alginate beads showed that exposure to 0.5% bupivacaine solutions resulted in a cell viability of 41% (SEM 18) after 15 minutes, 4% (SEM 4) after 30 minutes and no living chondrocytes after 60 minutes. Exposure of human chondrocytes to 0.25% bupivacaine showed viability of 100% (SEM 1), 92% (SEM 5) and 23% (SEM 12) after 15, 30 and 60 minutes, respectively (Fig. 6b) . By contrast, 89% (SEM 5) of human chondrocytes within alginate beads immersed in saline survived the 60-minute experiment (Fig.  6 ). There were no differences in the viability rates between human chondrocyte beads exposed to 0.125% bupivacaine and saline (p > 0.05).
Death occurred at a faster rate in human than in bovine chondrocytes exposed to 0.5% and 0.25% bupivacaine (Fig. 6) . Exposure to 0.5% bupivacaine resulted in the death of 50% of bovine chondrocytes in 34 minutes and 50% of human chondrocytes in 13 minutes. When immersed in 0.25% bupivacaine, the 50% death rate for the bovine chondrocytes was observed in 60 minutes, but 47 minutes for human chondrocytes.
Discussion
Our results show that 0.5% and 0.25% bupivacaine solutions are toxic to human and bovine articular chondrocytes in vitro. Furthermore, bupivacaine chondrotoxicity was dose-and time-dependent. While 0.5% bupivacaine has been shown to have a profound cytotoxic effect on chondrocytes, the chondrotoxicity of 0.25% bupivacaine increased with increasing duration of exposure as well as with the time after exposure. The viability of bovine and human chondrocytes after exposure to 0.125% bupivacaine for up to 60 minutes was similar to that after exposure to saline for all experiments.
These findings provide critical new information relating to current concerns on the clinical use of bupivacaine. Our results may provide an explanation for the absence of clinical reports on the association between chondrolysis and the use of intra-articular bupivacaine before the introduction of continuous-infusion pumps. 5, 7 In addition to systemic absorption and to the potential counteraction of the expected dilutional effects of joint fluid, continuous intra-articular infusion protocols may prolong the exposure of chondrocytes to bupivacaine. Eventually, the threshold for chondrolysis may be reached, as has been suggested clinically. 5, 7 Our study also showed that sustained exposure of cartilage to bupivacaine may lead to increased rates of chondro- Confocal microscopic images of intact human articular cartilage obtained 24 hours after exposure to a) saline and b) 0.5% bupivacaine for 30 minutes. There is increased cell death after exposure to 0.5% bupivacaine (p < 0.05) (fluorescent nuclei stained red; viable chondrocytes stained green; calibration bar 500 μm). cyte death within the surface layers of intact human articular cartilage, a finding consistent with the previous study on bovine cartilage. 8 Further work on bovine tissue also indicated a dose-dependent chondrotoxicity of bupivacaine and confirmed the protective role of an intact articular surface reported previously. 8 In the present study, exposure to the medium dose (0.25%) of bupivacaine for 30 minutes did not cause significant toxicity to intact bovine articular cartilage, but did increase chondrocyte death in injured bovine articular cartilage. At the lowest dose (0.125%) of bupivacaine no significant difference in the viability of chondrocytes was seen compared with saline-exposed controls. This dose-dependent result is in agreement with the in vivo study by Dogan et al 13 in rabbits which showed increased "articular cartilage inflammation" within 24 hours after a single intra-articular dose of 0.5% bupivacaine. The partially protective role of an intact articular surface and the reduced chondrotoxicity of 0.25% bupivacaine may also explain why previous studies using cartilage explants showed no significant histological or metabolic changes in the articular cartilage exposed to 0.25% bupivacaine. [14] [15] [16] Despite these observations, prolonged exposure to 0.25% bupivacaine cannot be considered benign. In bovine articular cartilage without an intact articular surface exposed to 0.25% bupivacaine for 30 minutes, increased chondrocyte death was seen. A time-dependent increase in bovine chondrocyte death and rates of apoptosis were detected using both flow cytometry and time-lapse confocal microscopy. The longer the duration of exposure to 0.25% bupivacaine, the more pronounced were cellular death and apoptosis. Data from flow cytometry at one and seven days after exposure to 0.25% bupivacaine showed progressive bovine chondrocyte death and apoptosis, indicating a sustained deleterious effect of 0.25% bupivacaine, even after its withdrawal (Fig. 3) . This observation is consistent with reports implicating apoptosis as a mechanism for bupivacaine-induced cytotoxicity. 17 The finding of timedependent cytotoxicity of 0.25% bupivacaine to articular chondrocytes is consistent with a recent in vivo study, which showed a chondrotoxic effect of continuous infusion of 0.25% bupivacaine into the shoulders of rabbits. 18 In order to investigate the effects of continuous exposure of articular chondrocytes to bupivacaine solutions, we used time-lapse confocal microscopy to monitor the viability of cells directly. The imaging showed dose-and timedependent cytotoxic effects of 0.5% and 0.25% bupivacaine. Cellular death occurred faster with 0.5% than with 0.25% bupivacaine for both human and bovine specimens. We additionally observed a faster decrease in the viability of human, compared with bovine, chondrocytes. These findings may be attributed either to an inherent greater susceptibility of human chondrocytes to the effects of bupivacaine or to a reduced vigour of the human chondrocytes used. While each experiment was carefully controlled and the alginate bead-culture technique allowed for uniform distribution and selection of viable cells, one of the limitations of our study was that human cells could not be considered to be as healthy as bovine cells. The human material used in our study was either from fresh osteochondral specimens obtained several days after donor death or from grossly normal-appearing areas of articular cartilage resected from osteoarthritic knees during joint replacement. By contrast, bovine chondrocytes were harvested from the knees of healthy animals and used within four hours after slaughter. Diseased chondrocytes could be more susceptible to the effects of cytotoxic agents. 19 Our data, however, clearly show a dose-and time-dependent distinctive toxicity of bupivacaine in human articular chondrocytes.
Using quantitative techniques, we did not observe any differences in the viability rates of human or bovine chondrocytes after exposure to 0.125% bupivacaine or saline. Our study has shown that human chondrocytes may tolerate exposure periods to 0.125% bupivacaine of up to one hour. Because of the expected dilutional effects of synovial absorption, intra-articular effusion and arthroscopic lavage fluids, these results give insight into why the longterm clinical use of bupivacaine as a single intra-articular injection has not been associated with chondrolysis. While synovial absorption of bupivacaine is relatively inefficient, 20, 21 studies have shown that bupivacaine is absorbed from large joints over several hours with peak absorption occurring within the first hour. 22, 23 Therefore, our findings for 0.125% bupivacaine suggest that a combination of systemic absorption and either lavage fluid or effusion sufficient to dilute the injected bupivacaine to a concentration of 0.125% or less reduces the potential for chondrotoxicity.
It is important to note that in vitro assessments do not account for dilutional effects or in vivo reparative processes. Rather, the in vitro studies provide a reproducible, quantitative means of assessing the viability of cells in a controlled fashion. This cannot be accomplished in vivo, either in animals or in clinical studies. These advanced laboratory techniques have shown a dose-and timedependent toxic effect of bupivacaine on articular chondrocytes. As has been reported previously, 8 intact articular cartilage is partially protected from the cytotoxic effects of bupi-vacaine, suggesting that the in vivo effects may be less pronounced than these in vitro. While in vitro results cannot be directly extrapolated to clinical practice, they provide important information regarding the intra-articular use of bupivacaine. It is widely used as a local anaesthetic agent for arthroscopic surgery because of its long-lasting properties, thereby effectively supplementing general or regional anaesthesia. These properties, however, may also account for the cytoxic effects of 0.5% bupivacaine and the progressive death and apoptosis of chondrocytes observed in our study after exposure to 0.25% bupivacaine. These data suggest that intra-articular bupivacaine should be used at the lowest dosage and for the shortest period of time necessary. This data also suggest that prolonged, continuous intra-articular use of 0.25% and 0.5% bupivacaine may increase the potential for chondrotoxicity.
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